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METHOD AND APPARATUS FOR 
REGULATION OF POWER DISSIPATION 

TECHNICAL FIELD 

The present invention relates to a technique for reducing 
power dissipation. and more particular to a technique for 
sensing temperature and regulating the frequency of opera 
tions performed in an electricalIelectronic/optic circuit or 
system. 

BACKGROUND OF THE INVENTION 

New versions of central processing units (CPUs) dissipate 
relatively large amounts of power. Special cooling 
apparatus. such as large radiators or on-chip cooling fans. 
are used to remove the resulting heat. These high levels of 
heat generation result in additional manufacturing cost being 
incurred by requiring special packaging or special cooling 
devices. This also results in less-efficient motherboard 
designs. in that the heat generating devices must be physi 
cally separated from one another. These problems result in 
larger and more costly computer systems. Other types of 
elecn'ical/electronic/optical devices suifer similar types of 
heat dissipation problems. 
As newer computing systems provide higher levels of 

performance. methods of power control are needed to con 
trol power dissipation so as not to exceed the thermal 
dissipation capabilities of the system. 

OBJECI‘ S OF THE INVENTION 

It is therefore an object of the present invention to provide 
an improved method and apparatus for reducing power 
dissipation in an integrated circuit device. 

It is another object of the present invention to provide an 
improved method and apparatus for reducing power dissi 
pation by a self-regulating integrated circuit device. 

It is another object of the present invention to provide an 
improved method and apparatus for controlling power dis 
sipation in a data processing system. 

It is yet another object of the present invention to provide 
an improved technique for regulating the frequency of 
operations in a data processing system. 

It is yet another object of the invention to provide a 
method and apparatus for semiconductor devices to change 
operating conditions when operating in a power conserva 
tion mode. 

SUMMARY OF THE INVENTION 

The clock rate for a device is controlled through the use 
of integrated circuits which respond to the temperature of 
the device. Circuitry is added to the integrated circuit device 
being controlled which changes the clock rate of the device 
as the device temperature changes. The device clock rate is 
thus regulated by the temperature of the device. The way in 
which the regulation is implemented can be varied. from 
slowing an internally generated clock rate (such as a voltage 
controlled oscillator or phase-locked loop). or by digitally 
scaling an external clock input. 
This invention also provides the ability to selectively 

reduce or stop certain areas of an integrated circuit with 
respect to pending operations or instructions being executed. 
For example. a ?oating point execution unit inside a pro 
cessor could be slowed or stopped while the integer unit 
continues operation. Alternatively. one or more execution 
units in a multi-execution unit data processing system can be 
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2 
selectively disabled. Semiconductor devices may also have 
their operating condition changed from a higher voltage to 
a lower voltage when operating in a power conservation 
mode. 

The ability to limit power dissipation depending upon 
variable conditions. including sensed ambient temperature 
and device functions which are being used. provides the 
opportunity for lower cost systems. For example. lower cost 
device packaging (such as plastic instead of ceramic) and 
lower cost metals (such as aluminum instead of copper for 
lead frames and interconnect) are possible. In addition. 
lower cost system implementations through the elimination 
of cooling devices. vents. and spacing between components 
are also possible. thereby reducing the size of boards and 
cabinets. The present invention also allows for continued 
system operation in the case of battery-operated systems 
where maximum power consumption may be limited to 
some maximum value by the type of battery or batteries 
being used. or where the user or system may select to 
consume power at a lower rate to achieve longer operating 
duration and/0r ef?ciency. 
The present invention is further extendible to synchronous 

scaling. such that devices which are connected external to 
the CPU are still clocked at the same external rate. but CPU 
transactions within the CPU may occur at a different rate 
depending on the CPU’s measured temperature. 
An example of this is a CPU that offers clock doubling (or 

tripling) internally. but operates at some standard ?xed clock 
rate externally. The power limitation control circuitry can be 
used to select multiplication factors of the internal clock 
such that the external rate is maintained; or alternatively to 
delay external clock events by an integral number of internal 
clock cycles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic drawing of a diode-based tempera 
ture sensor and comparator. 

FIG. 2 is a schematic drawing of an FBI-based tempera 
ture sensor and comparator. 

FIG. 3 a block diagram of a temperature comparator 
circuit being used to control the clock frequency in a data 
processing system. 

FIG. 4 is a schematic for selecting a clock frequency for 
an integrated circuit device. 

FIG. 5 is a schematic drawing of a temperature sensitive 
ring oscillator. 

FIG. 6 is an alternative schematic for selecting a clock 
frequency for integrated circuit device. 

FIG. 7 is a circuit for variable scaling using a temperature 
controlled phase-locked loop. 

FIG. 8 is a circuit for synchronous scaling using a 
temperature controlled phase-locked loop. 

FIG. 9 shows a selectable temperature setpoint circuit. 
FIG. 10 shows a clock being disabled from time to time 

in order to reduce power consumption. 
FIG. 11 is schematic for a temperature dependent clock 

modulation circuit. 
FIG. 12 is a circuit for selecting between different supply 

voltages based upon a sensed temperature. 
FIG. 13 is a functional diagram of a system for operating 

a bus at a ?xed frequency. and an execution unit at a 
selectable frequency. 

FIG. 14 shows a system for selectively enabling and 
disabling of a device or circuit. 
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FIG. 15 shows an alternate system for selectively 
enabling and disabling portions of a device or circuit. 

FIG. 16 shows multiple temperature sensors disposed on 
an integrated circuit device. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

Silicon is a material that is commonly used during the 
manufacture of semiconductor integrated circuits. Changes 
in the temperature of silicon (or other semiconducting 
materials) causes changes in electron mobility. As tempera 
ture increases. current through a device such as a diode 
typically increases as shown in the following equation: 

In the above equation. I, is the reverse saturation current of 
the diode. q is the electronic charge (q=l.6><1O_19 
coulombs). K is Boltzmann’s constant (K=1.38><10'23 
joules/K). T is the absolute temperature (degrees Kelvin). 
and v represents the voltage across the diode. This equation 
provides an estimation of the changes in current with respect 
to temperature. There are additional e?ects (such as Is 
variation with temperature) that are not included in this 
equation. 

For transistor devices. the saturation current ID through a 
?eld eifect transistor (PET) can be reasonably approximated 
by the equation: 

where W is the width and L is the length of the transistor. 
VGS is the voltage di?erence between gate and source of the 
transistor. and VT is the turn on voltage of the transistor. K‘ 
is a temperature dependent parameter comprised from the 
following variables: 

Kama-2072's, 

where e0 is the permitivity of free space. e0, is the permi 
tivity of the gate oxide. tax is the thickness of the gate oxide 
in angstroms. and m is the carrier mobility which can be 
expressed as approximately equal to 1/1" (where T is the 
temperature in degrees Kelvin). 

For transistor devices. the effect of increasing temperature 
is a decrease in PE!‘ current. For example. a change in 
device junction temperature from 0 degrees Celsius (273 
degrees K) to 100 degrees Celsius (373 degrees K) results in 
a current drop of 26.8 percent. These principles are further 
described in “MOS/LS1 Design and Application". by Carr. 
William N. and Mize. Jack R. Texas Instruments Electronics 
Series. McGraw-Hill Book Company. 1972 and which is 
incorporated by reference as background material. 

It is this change in current relative to temperature that is 
used in the present invention to control other circuitry. This 
control may be implemented as a digital selection to control 
the operating characteristics. such as operating speed or 
supply voltage. of electrical/electronic or optical devices. 
The following will describe the use of either a diode or a 
PET device for sensing temperature and generating a control 
signal. 

FIG. 1 depicts a diode-based temperature sensing circuit 
10. When the current through diode D1 exceeds some 
threshold value at 16. as determined by the resistor divider 
network R2 and R3. output 18 of the comparator (dilferential 
ampli?er 12) goes HIGH. indicating that the threshold 
temperature has been reached. The output 18 of comparator 
12 is used in the preferred embodiment as a control signal to 
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4 
select various clock rates. as will be further described below 
with respect to FIG. 3. 

Continuing with FIG. 1. it was previously described that 
the reverse current through diode D1 increases as the circuit 
temperature rises. This increase in current results in an 
increased voltage at the positive (+) input 14 of the di?er 
ential ampli?er 12. When this voltage exceeds the threshold 
voltage 16 supplied by the R2/R3 voltage divider. the output 
18 of the di?erential ampli?er will be driven HIGH. allow 
ing usage of this output as a digital logic level control signal. 
This circuit 10 is well suited for inclusion on the same 
integrated circuit die containing other integrated circuits 
whose temperature is being monitored. 
AFET device can also be used for sensing temperature. as 

shown in FIG. 2. The trend as described by the FET current 
equation hereinabove is that forward current decreases with 
temperature. If a resistor R1 is connected in series with the 
transistor T1. the voltage at node 16 between the transistor 
and resistor will change as the current through the transistor 
varies. This voltage is compared with the voltage at 14 
produced from the R2/R3 resistor divider to determine if the 
temperature has exceeded some limit. A HIGH output value 
(i.e. a logical ONE) indicates the measured temperature is 
above the setpoint. and a LOW output value (Le. a logical 
ZERO) indicates the measured temperature is below the 
setpoint. It should be noted that in contrast to FIG. 1. since 
the current through the transistorTl in FIG. 2 decreases with 
an increase in temperature. the voltage at 16 will drop as 
temperature increases. When this voltage becomes less than 
the reference voltage at 14. the output of comparator 12 
switches to a logical HIGH level. Thus. the diode of FIG. 1 
is connected to the positive (+) input 14 of comparator 12. 
whereas the transistor T1 of FIG. 2 is connected to the 
negative (—) input 16 of comparator 12. The circuit shown in 
FIG. 2 is also well suited for inclusion on the same inte 
grated circuit die containing other integrated circuits whose 
temperature is being monitored. 
The actual current through diodes or other semiconductor 

devices. at some given temperature. will vary in conjunction 
with process parameter variations. To accommodate these 
changes. a series of diodes may be produced. each of which 
has slight variations in its design such that the device which 
most closely produces the desired response can be selected 
when the device is tested. This can be done through fuse 
programmable logic commonly known in the art. Or. another 
common technique is to use an EEPROM or other non 
volatile technology such that a register value speci?es which 
device or set of devices should be used Alternatively. laser 
trimming of devices could be used to change diode or FET 
characteristics. using techniques commonly lmown in the 
art. 
The output 18 of the temperature comparator circuit (10 

of FIG. 1 or 20 of FIG. 2) can be used to select different 
divide or multiply rates for generating an operating fre 
quency from an external frequency. Referring now to FIG. 
3. a clock frequency control circuit 40 is shown. This control 
circuit contains a temperature comparator circuit 30 (which 
is either the diode-based circuit 10 of FIG. 1 or the FET 
based circuit 20 of FIG. 2) and an up/down counter 22 
(which is used to select the operating frequency for a CPU 
or other type of device). An update signal 34 controls how 
often the output of the temperature comparator circuit 30 
will be used to either increase or decrease the value in the 
counter 22. thereby increasing or decreasing the operating 
frequency. In the example of FIG. 3. a HIGH output from the 
temperature comparator circuit 30 indicates that the tem 
perature has exceeded some threshold value. When this 
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sensor output 18 is HIGH. the output of the ‘OR’ gate 24 is 
also HIGH. such that no clock pulses are provided to the 
counter control input labeled ‘UP’. In addition. when sensor 
output 18 of comparator circuit 30 is HIGH. the output of the 
‘AND’ gate 26 is equal to the update signal 34. causing the 
up/down counter 22 to decrease in value upon each activat 
ing transition of the update signal 34. 
The up/down counter 22 of FIG. 3 contains a binary value 

(00. O1. 10. 11) which represents the frequency divider used 
when converting the external clock rate to the internal clock 
rate. Other counter representations other than a frequency 
divider are also possible. such as a frequency multiplier. The 
output value 28 of the up/down counter 22 is operatively 
coupled at 28 (which comprises lines 28a and 28b. as is 
shown in FIG. 4) to a 2-bit to 4-1ine binary decoder 32. The 
output of decoder 32 is used to select the internal CPU/ 
device frequency. such as 33. 66. 99 or 132 MHz. 
One technique for selecting the internal CPU/device fre 

quency is shown in FIG. 4. The four outputs Yo-Y3 of 
decoder 32 are coupled through respective diodes D2-D5 to 
a voltage divider network comprising resistors R4-R8. The 
particular values for these resistors can be chosen to match 
a particular voltage-controlled oscillator (VCO). For the 
circuit of FIG. 4. the resistors values were chosen such that 
the output 41 of the resistor network. which is coupled to 
VCO 42. varies from 0-3 volts depending on which output 
Y0—Y3 of decoder 32 is active. For example. a traditional 2-4 
line decoder is known in the art to be a 74139. which has 
active LOW outputs. Thus. when inputs A and B and both 
logical ZERO. output Y0 is LOW. and outputs ‘fl-Y3 are 
HIGH. resulting in approximately zero volts being output to 
VCO 42. When input A is a logical ONE and input B is a 
logical ZERO (which corresponds to a binary value of 01 
being in counter 22 of FIG. 3). Y1 is LOW. and Y0. Y2 and 
Y3 are HIGH. resulting in approximately one volt being 
output to VCO 42. In similar fashion. a binary value of 10 
in counter 22 results in approximately two volts being output 
to VCO 42. and a binary value of 11 in counter 22 results in 
approximately three volts being output to VCO 42. For a 
di?erent VCO having dilferent input voltage range 
requirements. different values for R4—R13 may be chosen to 
expand or contract the range of voltages applied to VCO 42 
for various counter 22 output values 28. 
VCO output signal 44 is thus a clock signal whose 1s 

frequency is selectable. based upon the value maintained in 
counter 22. This clock signal is coupled to the input clock 
signal of CPU/device 46. Therefore. the CPU/device is 
clocked at a variable rate depending upon temperature. The 
circuit shown in FIG. 4 is well suited for integrating the 
frequency selection circuitry onto the same integrated circuit 
die containing other integrated circuits which are being 
temperature monitored. 

Another way in which the variation in current through the 
FEI’ device can be utilized is through a ring oscillator. FIG. 
5 shows three inverters (48. 50 and 52). where the output 
from one inverter is coupled to the next inverter. The end 
inverter 52 has its output 51 coupled to the starting inverter 
48. Each inverter 48. 50 and 52 is comprised of a P-channel 
and N-channel FET. A capacitor (C1. C2 and C3 
respectively) is attached to the input of each inverter such 
that there is a charge time at each node until the next inverter 
switches. Since FET current decreases with increasing 
temperature. the ring oscillator shown in FIG. 5 will run at 
slower frequencies as temperature increases. When the end 
inverter output signal 51 is used to drive a CPU/device clock 
input (as shown at 44 in FIG. 4). a high current bu?er circuit 
53 may optionally be added in order to match the ring 
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oscillator with the current requirements of the CPU/device. 
The size of the capacitors C1-C3. and the length and width 
of the P and N channel transistors Ql-Q6. can be modi?ed 
using commonly known techniques to tailor the frequency 
range of the ring oscillator. 

Applications which require more exact control of the 
operating frequencies can employ a phase-locked loop clock 
generator circuit. which is used in conjunction with the 
temperature comparator circuitry previously described. An 
up/down counter with a greater number of bits can also be 
employed. Referring now to FIG. 6. the value stored in the 
up/down counter 54 is driven on output pins D0-D2. These 
output pins are coupled to inputs FSO-FS2 of an external 
clock oscillator chip 56. such as the ICS 1394 chip which is 
commercially available from Integrated Circuit Systems 
(and whose address is 2435 Boulevard of the Generals. 
Valley Forge. PA 19482-0968). Several other suppliers o?‘er 
similar types of devices. The value of the up/down counter 
54 serves as the frequency select input value for the clock 
chip 56. The resulting output frequency Four 44 is derived 
from a reference ?'equency FREF 58 in conjunction with the 
frequency select input value presented at inputs FSO-FS2. In 
the preferred embodiment. this reference frequency FREF is 
14.318 MHz. which is generated from an external crystal 
oscillator on the system board. Clock chips may also have a 
mask programmable set of frequencies. or may be software 
programmed. to de?ne the frequency which will be output 
on the FOUT pin 44 for each set of values for FSO-FS2. 
The above described techniques can also be used with 

CPU architectures which have a constant clock rate for bus 
transactions. but have a diiferent internal clock rate. An 
example of this is Intel’s 486DX2/66 CPU. which provides 
the same bus clock rate as a standard 33 MHZ 486 CPU. but 
operates at a 66 MHZ internal clock rate. Processors which 
can operate the internal clock at some multiple of the 
external clock rate typically contain a phase-lock loop (PLL) 
clock generator circuit which is used to synchronize the 
internal clock to the externally supplied clock Operations 
internal to the processor take place at the faster clock rate. 
Operations external to the processor operate at the external 
clock rate by using the externally supplied clock for timing 
of input and output functions. This results in part because the 
Intel 80486 bus is a ‘not ready’ bus such that address and 
data for the bus cycle remain on the bus until the receiving 
device asserts RDY# (ready). The timing of this assertion is 
relative to the external clock such that the external timing is 
defined by the external clock while the internal timing may 
be de?ned by some multiple of that clock. 
The invention described herein allows for switching a 

microprocessor’s internal clock between multiples of the 
external clock rate as temperature of the device varies. 
Referring now to FIG. 7. a reference frequency FREF 58 is 
divided by some integer value M. and then compared by 
phase detector 64 with the VCO 66 output frequency FOUT 
divided by N. A phase-locked loop. by its very nature. 
adjusts its internal operating frequency to lock to a reference 
frequency. In this way. the following equation is established 
for PLL 62: 

The net eliect of this equation is that a PLL clock 
generator 62 is implemented such that some external refer 
ence frequency FREF (typically 14.318 MHz from the 
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system board; or alternatively the CPU external bus clock 
rate. which is frequently 25 or 33 MHz) is multiplied by a 
value of N and then divided by a value of M. where N and 
M are both integers. In this manner a range of frequencies 
can be derived ?om the reference frequency. When a new 
frequency is selected (through new values for N or M). the 
circuit shown in FIG. 7 will ‘home in’ on the new frequency. 

Continuing with a detailed description of FIG. 7. the 
phase-locked loop clock generator 62 contains dividers 
(Divider 1 and Divider 2). as well as phase detector 64. loop 
?lter 65 and VCO 66. The divide value M for Divider 1 is 
selected according to the binary output value of decoder 61. 
The divide value N for Divider 2 is selected by software 
control. The remaining portion of the circuitry of FIG. 7 
operates as previously described with respect to FIG. 3. The 
decoder 61 outputs a binary value which is used to select a 
divide value M for Divider 1. based upon the sensed 
temperature of the particular integrated circuit being moni 
tored 
A representative example of the operation of FIG. 7 will 

now be given. Assume that the external clock FREF is 
running at 33 MHz. Recall that the external bus is also 
operating at the external clock rate. Assume that the values 
for Ml-M4 have been pre-de?ned to be M1=12. M2=6. 
M3=4. and M4=3. Further assume that the divider value for 
Divider 2 is initially set at N=l2. via a software routine. and 
M is initially set to M4. According to the previously derived 
equation. the output frequency FOUEFREF * N/M. which 
becomes Fem-=33 MHZ * (12/3)=132 MHz. The internal 
clock 44 for the CPU/device is thus operating at four times 
the clock rate of the external clock 58. Now assume that the 
temperature of the CPU/device increases. resulting in a 
decrease of the counter 60 output value D(n):D(O). If this 
decrease resulted in the M3 value being selected by decoder 
61. the resulting internal clock frequency would be 33 MHz. 
* (l2/4)=99 MHz. In similar fashion. an even greater 
increase in temperature would result in the M2 divider value 
being selected by decoder 61. resulting in an internal clock 
frequency of 33 MHz * (l2/6)=66 MHz. Finally. if the 
monitored device continued to rise in temperature. decoder 
61 would select divider value Ml. resulting in an internal 
clock frequency of 33 MHZ * (l2l12)=33 MHZ. Thus. the 
internal clock is switched between multiples of the external 
clock rate depending upon the temperature of the device 
being monitored. 

Depending on system characteristics. the clock output 44 
may be used to drive the CPU/device internal clock while it 
is stabilizing. or the clock output 44 may be held at some 
logic level until the frequency has stabilized Alternatively. 
a synchronous clock system as described below can be used 
to eliminate this required stabilization delay. 

For synchronous clock systems. the PLL clock frequency 
can be held constant. A divider circuit is then connected to 
the PLL clock output Four This synchronous scaling tech 
nique allows for various fractions of the PLL frequency to 
be easily selected. and switched on selected clock edges. 
such that there is no glitching or stabilization time. In the 
case of clock doubling. tripling or quadrupling schemes. the 
PLL frequency controlled by N and M values is set to 
operate the PLL at some multiple of the maximum rate of the 
CPV/device being temperature monitored. 

Referring now to FIG. 8. the values for N and M are 
selected by software such that the frequency of the PLL is 
some multiple of 132 MHz. For example. if M is 3 and N is 
12. the PLL will home in on 132 MHz (a multiple of one). 
Particular values for Divider 3 are then selected by the 
temperature sensor circuit using similar techniques as 
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8 
described above with respect to FIG. 3. The Divider 3 P 
values which may be selected by decoder 61 are initially 
established by software. such that divide by l (the P1 value 
for 132 MHz internal clock). divide by % (the P2 value for 
99 MHZ internal clock). divide by 2 (the P3 value for 66 
MHz internal clock) and divide by 4 (the P4 value for 33 
MHZ internal clock) scale factors are available. In similar 
fashion. if PLL 62 was operated at a PLL clock rate of 528 
MHZ (a multiple of 4). by choosing M=2 and N=32. the P 
values would be initially established by software to be Pl=4. 
P2=3. P3=8 and P4=16. Decoder 61 would then select the 
appropriate P divide value to regulate the frequency of 
CPU/device internal clock 44. 
A block diagram of the detailed circuitry of FIGS. 7 and 

8 is shown in FIG. 13. An external clock device such as a 
crystal oscillator is used to generate a reference frequency 
58. ‘The reference frequency is used to operate a bus inter 
face at a ?xed clock rate. The reference frequency is also 
input to a temperature-dependent regulator. which generates 
an internal clock signal 44 for use by an execution unit. This 
frequency of this internal clock signal is dependent upon 
temperature. In the preferred embodiment. all circuitry 
depicted by the functional blocks within the dotted box of 
FIG. 13 is disposed on an integrated circuit chip/device. 

Another method which can be used to eliminate stabili 
zation delay is to have two PLL clock generators. where one 
PLL is used to generate the ?rst clock rate while a second 
PLL provides a second clock rate. This technique eliminates 
stabilization time for the second clock. since the second 
clock is already operating at the desired frequency. Edge 
sensing circuitry can be used to provide glitchless switching 
between the two clock rates. using techniques known in the 
art. 
The present invention also allows ?exibility in packaging 

for CPU products. For example. the ?oating point capabili 
ties of some CPUs may be utilized only occasionally. 
depending on the applications the user runs. For example. 
Microsoft Windows running a word processor application 
has little ?oating point activity. When the ?oating point unit 
is not used. it generates less heat. If the Windows word 
processing market is a target for the CPU vendor. the vendor 
may choose to package the CPU in a lower cost package 
which provides ample heat dissipation for ?xed point 
operation. but is not suf?cient to support simultaneous ?xed 
and ?oating point execution. In this case. on-chip frequency 
regulation of the ?oating point unit could be provided by the 
present invention to provide optimum performance. In this 
way. a CPU product could be packaged in a lower cost 
package. operate at full speed for normal ?xed point 
operation. and then frequency regulate the ?oating point unit 
when more heat is generated by ?oating point operations. 
The frequency regulation slows down the ?oating point 
unit’s clock. as previously described. to reduce power dis 
sipation in a manner to conform with the low-cost packaging 
for the CPU. 

Another aspect of this invention is the ability to adjust to 
the available thermal conditions. If heat sinks or cooling fans 
are added. greater heat can be dissipated. allowing higher 
frequencies of operation. Different temperature thresholds 
could be used. depending on the CPU application and the 
desired device longevity. These di?‘erent thresholds may be 
obtained by adjusting the resistance values for the R2/R3 
voltage divider of FIGS. 1 and 2. In an alternate 
embodiment. the temperature sensing circuitry contains a 
number of R2/R3 resistor pairs which are selected by 
accessing a register through software program control. The 
register value could alternatively be selected through logic 
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levels on external pins. This dynamic temperature setpoint 
approach allows selection of different clock rates under CPU 
control. as a function of measured temperature. As shown in 
FIG. 9. the-selection of different resistor values (which 
determines the voltage supplied to the positive (+) terminal 
of a di?‘erential amp) is used to select diiferent ‘setpoint’ 
temperatures. The setpoint may be determined by the volt 
age produced from R2 and R3 (when gates A and B are 
active). or other combinations such as R2 and R4. or even 
the combination of R2 and R4 plus R3 and RS in parallel. 
The method of switching between various R2/R3 pairs 

may have variations due to analog effects depending on the 
particular implementation method used. For example. it may 
be di?icult to produce stable or repeatable results. Since the 
temperature sensing circuitry is quite small. several sensing 
circuits can be produced on one integrated circuit. 10 with 
the output from each comparator being input to a multi 
plexor 100 which is controlled through a software routine. as 
shown in FIG. 16. One bene?t of having multiple sensing 
circuits (and then selecting which output to use via a 
multiplexor) is that all selection is accomplished in the 
digital domain. 
The use of more than one temperature sensor also allows 

for establishing temperature windows or hysterisis for 
operation. For example. in some circumstances it may be 
desirable to establish an upper and lower temperature range 
of operation. where one sensor establishes the upper trip 
point. and another sensor establishes the lower trip point. 
The use of hysterisis techniques provides additional stability 
to temperature sensors. in a similar fashion to that obtainable 
by thermostat hysterisis. 

Another use of the above described invention is to insert 
“wait states” in a clock signal. which may be synchronized 
with certain operating conditions. in order to reduce the 
overall rate of operation and thereby reduce the amount of 
generated heat. For clocked logic implementations. the clock 
can be stopped or held at a ONE or ZERO logic level for 
some extended period in order to reduce the power con 
sumed. FIG. 10 shows two clocks. CLK A and CLK B. 
wherein CLK B is stopped from time to time in order to 
achieve such reduction in power consumption. CLK B is 
generated from CLK A. with the difference being that CLK 
B does not produce a high going pulse in the areas drawn in 
light gray at 71. How often pulses are eliminated can be 
controlled by a counter mechanism similar to that described 
above with respect to counter 22 in FIG. 3. and as further 
described below. 

FIG. 11 shows a circuit for modulating a clock signal 
based upon temperature. CLKA is fed to a logic AND gate 
72. whose other input is connected to the O output of D-type 
?ip ?op 74. CLKA is also inverted by inverter 76 and input 
to counter 78. The output of counter 78 is compared at 80 to 
the value stored in up/down counter 82 (which varies with 
the sensed temperature. as previously described with respect 
to FIG. 3). This comparator 80 outputs a logical ONE level 
to the data input of ?ip ?op 74 when the magnitude of the 
two counters is the same. When a logical ONE value is 
clocked into ?ip ?op 74. the Q output becomes a logical 
ONE value which causes counter 78 to be reset. The 6 
output is then a logical ZERO value. causing the output of 
AND gate 72 to remain at a low level. thereby holding the 
clock output (CLK B) at a logical ZERO v?ue for one clock 
period. The counter mechanism and ?ip ?op operate with an 
inverted CLKA signal such that they provide su?icient setup 
time for the AND gate. 

In summary. FIG. 11 illustrates a circuit for generating 
CLK B. where CLK B is the same as CLKA except that it 

10 

15 

20 

25 

30 

35 

45 

50 

55 

60 

65 

10 
held at a low value every M pulses (where M is the value 
stored in the up/down counter 82). There can be many 
variations on this circuit. including using divide circuitry for 
the clock feeding the counter 78 such that low pulses are 
in?icted every M*N pulses. where N is the divide rate of the 
clock feeding the counter 78. 

Another use for this invention is for portable equipment. 
where there is typically a non-linear relationship between 
battery life and current draw. In other words. battery life at 
a one-watt consumption rate is usually more than twice the 
life than for a two-watt consumption rate. For operations 
indoors. the power dissipation of the CPU can be estimated 
from the temperature of the silicon. Through the present 
invention. the operator of the portable computer could select 
some power level of operation which corresponds to a 
desired battery life. and then enable the invention through 
hardware or software control (as previously described with 
respect to FIGS. 7 and 8) such that power dissipation is 
limited to some value. For example. a processor may start 
out with a 99 MHz internal clock rate. but if the processor 
temperature rises above some threshold value. the internal 
rate could be changed to 66 MHz to reduce the amount of 
heat being generated within the device. 

In addition. the ability to have variable setpoints (as 
previously described with reference to FIG. 9) allows 
accommodation of some battery types where longer opera 
tion can be achieved by reducing the power draw as the 
battery is discharged. 

It is also possible to conserve power through a reduced 
voltage operation. A number of semiconductor manufactur 
ing processes are capable of operating at both ?ve volts and 
three volts (typically the designs are derated for three volt 
operation; for example. a circuit at three volts may operate 
at 60% of the speed when operating at ?ve volts). A 
semiconductor circuit can be considered as a set of resis 
tances and capacitances. The resistance represents the on or 
o? condition resistance for the transistors. and the capaci 
tance is the capacitance of each node. The power consumed 
during operation is closely related to the amount of capaci 
tance charged. The energy in charging a capacitor C is equal 
to: 

From this equation it can be seen that a device operating at 
3 volts consumes only 9/25 of the energy used when 
operating at ?ve volts. The advantage of operating at ?ve 
volts is that the current through the transistor is greater. such 
that nodes are charged or discharged more quickly. provid 
ing faster circuit operation. 
The above characteristics lend themselves into an oper 

ating method where three volt operation can be used for 
lower power mode. such as when operating from a battery. 
and ?ve volt operation could be used when maximum 
performance is desired. or when the product is powered from 
an outlet or docking station. The selection between ?ve volt 
and three volt operation can be selected via software control. 
where the software outputs a signal to selectively enable a 
three or ?ve volt supply voltage. Alternatively. the tempera 
ture sensing circuitry could directly control the three or ?ve 
volt selection such that power dissipation remains below 
some average level. For example. as shown in FIG. 12. the 
output signal 18 of FIGS. 1 or 2 is coupled to the control 
input of an analog multiplexor 90. The analog multiplexer 
has three and ?ve volts connected to its A and B inputs. 
respectively. The output of the multiplexor (three or ?ve 
volts) is coupled to the supply voltage of CPU/device 92. 








